Estrogen affects the generation and transmission of neuropathic pain, but the specific regulatory mechanism is still unclear. Activation of the N-methyl-D-aspartate acid receptor 1 (NMDAR1) plays an important role in the production and maintenance of hyperalgesia and allodynia. The present study was conducted to determine whether a relationship exists between estrogen and NMDAR1 in peripheral nerve pain. A chronic sciatic nerve constriction injury model of chronic neuropathic pain was established in rats. These rats were then subcutaneously injected with 17β-estradiol, the NMDAR1 antagonist D(-)-2-amino-5-phosphonopentanoic acid (AP-5), or both once daily for 15 days. Compared with injured drug naïve rats, rats with chronic sciatic nerve injury that were administered estradiol showed a lower paw withdrawal mechanical threshold and a shorter paw withdrawal thermal latency, indicating increased sensitivity to mechanical and thermal pain. Estrogen administration was also associated with increased expression of NMDAR1 immunoreactivity (as assessed by immunohistochemistry) and protein (as determined by western blot assay) in spinal dorsal root ganglia. This 17β-estradiol-induced increase in NMDAR1 expression was blocked by co-administration with AP-5, whereas AP-5 alone did not affect NMDAR1 expression. These results suggest that 17β-estradiol administration significantly reduced mechanical and thermal pain thresholds in rats with chronic constriction of the sciatic nerve, and that the mechanism for this increased sensitivity may be related to the upregulation of NMDAR1 expression in dorsal root ganglia. Deng et al. / Neural Regeneration Research. 2017;12(3):464-469. 
Introduction
The results of many previous studies examining the pathogenesis of neuropathic pain as well as its prevention and treatment strategies have suggested that pain threshold is gender specific. Estrogen receptors are distributed in many pain-related regions in the central and peripheral nervous systems, and estrogen can affect the generation and transmission of pain at many levels (Ramírez-Barrantes et al., 2016; Ray et al., 2016) . The N-methyl-D-aspartic acid receptor 1 (NMDAR1) is an excitatory neurotransmitter glutamate receptor subtype that exists widely in the nervous system and is involved in the generation, transmission, and maintenance of various types of pain (Bi et al., 2003; Bursztajn et al., 2004; Ultenius et al., 2006; Pedersen and Gjerstad, 2008; Gu et al., 2009; Liu et al., 2013) , Moreover, the NMDAR1 plays a primary role in the transmission and regulation of damage information in neuropathic pain (Foy et al., 1999; Charlet et al., 2008; Tang et al., 2008) . This study aimed to investigate whether NMDAR1 plays a role in the effects of estrogen on neuropathic pain.
Materials and Methods

Animals
Healthy 3-month-old male Sprague-Dawley rats weighing approximately 250 g [animal license No. SYXK (Xin) 2016-0002] were used in this study. Only those animals with a thermal pain threshold as determined by a paw withdrawal thermal latency (PWTL) greater than 5 seconds and less than 30 seconds were selected for use. The laboratory temperature was 20-22°C, with humidity levels of 50-60%. The lights were on from 08:00-20:00. All rats received the same food and were single-housed in a quiet room for one week to habituate to the environment (Xu et al., 2007; Gardella et al., 2011) . All animal procedures were approved by the Animal Care and Use Committee of the First Affiliated Hospital of Medical College of Shihezi University of China (approval No. A2016-117-01) and were in accordance with the Guidance Suggestions for the Care and Use of Laboratory Animals formulated by the Ministry of Science and Technology of China.
Chronic constriction injury (CCI) model of chronic neuropathic pain and drug interventions
Fifty rats were equally and randomly divided into the following five groups (n = 10 per group): sham-operated; CCI; estrogen; D(-)-2-amino-5-phosphonopentanoic acid (AP-5), which is an NMDAR1 antagonist; and a combination of estrogen and AP-5.
To study chronic neuropathic pain, an animal model mimicking chronic peripheral nerve injury was established using a unilateral sciatic nerve CCI (Bennett and Xie, 1988) . Rats were anesthetized with isoflurane inhalation anesthesia, and the left sciatic nerve was exposed. Proximal to the bifurcation, approximately 7 mm of the sciatic nerve was freed from the surrounding connective tissue and ligated using three 4-0 chromic catgut ligatures at 1-mm intervals so that the nerve was minimally constricted but its blood supply was unimpeded. The muscle and skin layers were individually sutured. Penicillin (400,000 U, Batch number 0203446; North China Pharmaceutical Factory, China) was intramuscularly injected to prevent infection. All surgical procedures were conducted by one person. Each animal was examined to determine the success of the CCI model (Bennett and Xie, 1988) .
For the sham-operated group, the left sciatic nerve was separated and exposed without ligation, and a volume of saline equal to that for the experiment drugs used in the operated rats was injected subcutaneously just below the back of the neck. For the estrogen group, rats were subjected to the CCI operation and then subcutaneously injected with 17β-estradiol (2 µL/day, Sigma, St. Louis, MO, USA). For the AP-5 group, rats were subjected to the CCI operation and then subcutaneously injected with AP-5 (100 nmol/day; Sigma). For the combination group, rats were subjected to the CCI operation and then subcutaneously injected with 17β-estradiol (2 µL/day) and AP-5 (100 nmol/day). For the CCI group, rats were subjected to the CCI operation and then subcutaneously injected with a volume of saline equal to that for the two experiment drugs.
Fourteen days after surgery, the rats were deeply anesthetized with isoflurane and then killed. Samples of the left lumbar spinal cord 4-6 (L 4-6 ) dorsal root ganglia (DRG) were taken, and the level of NMDAR1 expression in the DRG was measured using immunohistochemical and western blot assays (Aldrich et al., 2009; Finnerup et al., 2010; Peppin and Webster, 2011) .
Paw withdrawal mechanical threshold (PWMT) test
The PWMT was tested 1 day before (T0), and 1 (T1), 3 (T2), 7 (T3), and 14 (T4) days after surgery. To reduce stress from a new environment, the rats were placed in independent transparent boxes made of Plexiglas with a 5 mm × 5 mm bottom plate made of metal mesh for 30 minutes before the test. Von Frey filaments (Stoeling Co., Italy) were used to stimulate the central part of the left hind foot of the rats vertically, with stimulation strength increasing in order from 1, 1.4, 2, 4, 6, 8, and 10 g, to 15 g. To avoid substantial injury to rats, the maximum strength of the stimulation was limited to 15 g, which was achieved when the 15-g filament bent slightly. The stimulation was conducted five times at an interval of more than 30 seconds, and each stimulus lasted for 5 seconds. The PWMT was considered the lowest force (in grams) at which the rat lifted or licked its foot. Five results were obtained for each rat. The average value was calculated by using the results of three measurements, with the highest and lowest values excluded. All tests were conducted from 08:00 to 10:00 (Gandhi et al., 2004) .
PWTL test
The PWTL was measured at T0, T1, T2, T3, and T4 using a PL-200 thermal stimulator (Chengdu TME, China). The responses of the rats to thermal stimulation at the center of the left hind foot were measured, and the time needed from the start of thermal stimulation to paw withdrawal responses (raising foot, dodging, or licking foot) was recorded as the PWTL (in seconds). To avoid substantial injury to animals, thermal stimulation was limited to 20 seconds per stimulation, with an interval of 5 minutes between a total of 5 stimulations. Five results were obtained for each rat. The average value was calculated by using the results of three measurements, with the highest and lowest values excluded (Bi et al., 2003; Liu et al., 2013) .
Measurement of NMDARl immunoreactivity in DRG
After determining the pain threshold on T4, five rats were randomly selected from each group. The rats were deeply anesthetized with isoflurane and then secured on their backs. A thoracotomy was rapidly conducted to expose the heart. A cannula was inserted into the ascending aorta through the left ventricle. Then, the right atrium was cut, and a rapid cardiac perfusion was performed using 4°C sterile saline until the outflow was clear. Subsequently, a rapid and then slow perfusion with 4% paraformaldehyde was performed for approximately 30 minutes for fixation. Then, the hair of the left hind leg was removed. The tendon was exposed at the central position of the thigh bone using blunt dissection. The sciatic nerve was traced to find the L 4-6 spinal ganglia, which were removed and placed in 10% neutral formalin solution for 48 hours. Paraffin embedding was performed, followed by continuous sectioning to obtain 4-mm sections. The sample was stained according to the manufacturer's instructions provided in the SP two-step immunohistochemical kit (Zhongshan Jinqiao, Beijing, China). Five sections were used for each rat. The main steps were as follows: (1) Endogenous peroxidase was blocked with 3% H 2 O 2 . (2) The sample underwent antigen retrieval with citric acid at a high temperature and pressure for 8 minutes and then cooled to room temperature. (3) The sample was rinsed three times (5 minutes/time) using 1× phosphate buffered saline at room temperature. (4) Fifty µL of primary rabbit NMDAR1 polyclonal antibody (1:800, ab59302; Abcam, UK) was dropped on the section on the slide and incubated in the refrigerator at 4°C for 12 hours. (5) Secondary antibody (50 µL; 1:200; goat anti-rabbit IgG; ready-to-use MaxVision KIT 5005; Maixin Biotech, Fuzhou, China) was added to each section at room temperature (20-25°C) for 2 hours. (6) 3,3′-Diaminobenzidine staining was performed, and (7) the sections were counterstained with hematoxylin. (8) The sections were cleared using xylol, and (9) mounted using neutral resin. Cells of the rat L 4-6 DRG immunopositive for NMDAR1 had mostly circular or oval cytoplasm, which was stained brown, indicating strong positive expression.
Densitometry that is the measurement of the average optical density of NMDARl immunoreactivity was conducted using a Motic Med 6.0 digital color medical image analysis system (Motic, Beijing, China). The average optical density value was obtained by dividing the integrated optical density value by the selected object area. The average optical density represented the average intensity of all selected objects in the field of view, that is, the positive cells, and the integrated optical density represented the sum of the intensities of reactions for all selected objects in the entire field of view.
Measurement of NMDARl protein expression in DRG using western blot assay
The remaining five rats in each group were deeply anesthetized and decapitated. The L 4-6 spinal DRG were removed rapidly and homogenized in an ice bath. The total protein was extracted, and the protein concentration was measured using a bicinchoninic acid assay. Protein samples with a total weight of 40 μg were mixed with loading buffer of the same volume. The mixture was boiled for 8 minutes and then rapidly cooled. After electrophoresis conducted using 8% sodium dodecyl sulfate-polyacrylamide gels, the samples were transferred to 0.25-μm polyvinylidene fluoride membranes. The membranes were then blocked in 5% skim milk powder (1 g of skim milk powder, 20 mL of 1× Tris-buffered saline, 0.5 mL of Tween-20) at room temperature for 1 hour. Rabbit NMDAR1 primary polyclonal antibody (1:200, ab59302; Abcam, UK) and mouse anti-β-actin (1:1,000; ZSGB BIO, China) were added and incubated at 4°C for 12 hours. After six washes with 1× Tris-buffered saline with Tween-20 (5 minutes/time), the secondary antibody (1:4,000, goat anti-rabbit IgG; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was added and incubated at room temperature (25°C) for 2 hours. Antibody detection was performed using an enhanced chemiluminescence kit (Thermo, 34094, China). The grayscale values of the protein bands were analyzed using ImagePro 4.0 software (Bio-Rad, Hercules, CA, USA). Data are presented as the absorbance ratio of NMDAR1/β-actin. β-Actin was used as a loading control.
Statistical analysis
Statistical analyses were performed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Data are expressed as the mean ± SD. Multi-group comparisons were performed by one-way analysis of variance and intergroup differences were compared using Student-Newman-Keuls tests. Values of P less than 0.05 were considered statistically significant.
Results
Estrogen affected CCI-induced rat behavior
Following the operation to induce CCI, no rat developed a wound infection, and all rats sought food without difficulty. The rats in the sham-operated group behaved normally. The rats in the CCI, estrogen, AP-5, and combination groups demonstrated closed toes, eversion of toes on the operated side in some cases, and limping. When standing, they lifted their injured hind leg and supported their bodies by using their healthy legs. Foot licking behavior was observed in these groups, but not self-biting. The symptoms observed for rats in the CCI, estrogen, AP-5, and combination groups were most apparent at T3, indicating that the CCI model of chronic neuropathic pain was successful in all groups.
Estrogen affected PWMT and PWTL in rats with CCI
Compared with rats in the sham-operated group, the rats in the CCI and the estrogen groups showed a lower PWMT and a shorter PWTL at all times examined after the operation PWMT (A) and PWTL (B) of rats in the five treatment groups at various times after nerve injury . Data are expressed as the mean ± SD from 10 rats in each group (one-way analysis of variance and Student-Newman-Keuls test). Data are calculated by using the results of three measurements. *P < 0.05, **P < 0.01, vs. sham-operated group; #P < 0.05, vs. CCI group. Sham-operated group: Exposed sciatic nerve without ligation. Estrogen group: CCI surgery + 2 µL/day 17β-estradiol injected subcutaneously. AP-5 group: CCI surgery + 100 nmol/day AP-5 injected subcutaneously. Estrogen + AP-5 group: CCI model + 2 µL/day 17β-estradiol + 100 nmol/day AP-5 injected subcutaneously. T0-T4: 1 day before surgery and 1, 3, 7, 14 days after surgery, respectively. CCI: Chronic constriction injury; AP-5: D(-)-2-amino-5-phosphonopentanoic acid; PWMT: paw withdrawal mechanical threshold; PWTL: paw withdrawal thermal latency. (all P < 0.05). Compared with rats in the CCI group, the rats in the estrogen group showed a lower PWMT and a shorter PWTL at all times examined after the operation (all P < 0.05) (Figure 1) .
Effects of estrogen on NMDAR1 immunoreactivity in L 4-6 DRG neurons
The average optical density for NMDAR1 immunoreactivity was highest in the estrogen group (0.93 ± 0.11) and lowest in the sham-operated group (0.42 ± 0.05). Compared with that in the sham-operated group, the average optical densities were significantly higher in the CCI (0.71 ± 0.06), estrogen, AP-5 (0.65 ± 0.15) and estrogen + AP-5 (0.78 ± 0.11) groups (P < 0.05). The average optical density in the estrogen group was significantly higher than that in the CCI group (P < 0.05). However, the average optical density was not significantly different in the AP-5 and estrogen + AP-5 groups compared with that in the CCI group (Figure 2) .
Effects of estrogen on NMDAR1 protein expression in L 4-6 DRG
The results of the western blot assays showed that NMDARl   T0  T1  T2  T3  T4  T0  T1  T2  T3 protein expression in the CCI, estrogen, AP-5, and estrogen + AP-5 groups was higher than that in the sham-operated group. Moreover, the NMDARl protein expression in L 4-6 DRG in the estrogen group was significantly higher than that in the sham-operated, CCI, AP-5, and estrogen + AP-5 groups (P < 0.05; Figure 3 ).
Discussion
Although researchers in various countries and fields have studied the occurrence, mechanism of excitation and transmission, anatomical and histological changes, molecular biology, and electrophysiology of neuropathic pain, current understanding of the disease remains limited (Singh et al., 2013; Grasso et al., 2014) . The commonly used animal models of pain caused by nerve injury consist of spinal cord injury, spared nerve injury, CCI, partial sciatic nerve ligation, spinal nerve ligation, and chronic compression of DRG. The present study used a CCI model because as compared with the other models, the controllability of the degree of damage is easier, the change in pain is more stable, and repeated operations result in similar findings (Ossipov et al., 1999; Amandusson and Blomqvist, 2010; Devall et al., 2011) . The behavioral results are consistent with the clinical symptoms of neuropathic pain, which is an ideal model of pain caused by pathological nerve injury.
The results of our behavioral measures indicated that rats with increased estrogen levels were more sensitive to pain. Potential mechanisms that are speculated for this effect include a role for estrogen in the nervous system in pathological conditions, in pain transmission, and in various neurobehavioral aspects. Estrogen may increase limb sensitivity in the CCI rat model.
The pain thresholds measured in this study included both mechanical and thermal (heat), which are two commonly examined forms of pain thresholds in rats (Castillo-Gomez et al., 2016) . Alterations in a rat's reaction reflects a change in the mechanical threshold of the pain signal mediated by myelinated nerves, whereas a change in the heat pain threshold reflects the pain signal mediated by unmyelinated C fibers. Therefore, the reason the pain threshold for rats in the estrogen group was reduced to produce hyperalgesia and allodynia may be due to estrogen amplification of the pain signal through both myelinated and unmyelinated C fibers.
NMDAR1, a receptor for the excitatory neurotransmitter glutamate, is present in the nervous system and participates in the generation, propagation and maintenance of pain (Wang et al., 2015a, b) . An imbalance in NMDAR1 activity regulation is strongly associated with the pathogenesis of nervous system diseases. The NMDAR1 performs differently in various neurological diseases. Previous studies examining the relationship between NMDAR1 protein and nervous system disease have focused on the central nervous system, that is, the brain and spinal cord, whereas the present study investigated that relationship in L 4-6 spinal ganglia, spinal nerves containing pseudounipolar neurons, which are primary sensory neurons with pain afferent fibers. The results of our study showed that estrogen significantly increased NMDAR1 immunoreactivity and protein in DRG and pain hypersensitivity in rats. The distribution of estrogen receptors and NMDAR1s overlap in DRG neurons, and previous studies have shown that estrogen has a direct effect on NMDAR1 (Muniz and Isokawa, 2015; Tatard-Leitman et al., 2015) . Thus, an estrogen-mediated increase in NMDAR1 expression could lead to increased opening of the channel and enhanced transmission of nociceptive stimulation of DRG.
Much experimental evidence indicates gender differences for neuropathic pain in human and animals. Studies examining the relationship between estrogen and NMDAR1 suggest that estrogen regulates NMDAR1 activity in certain brain regions and in neurons of the spinal cord by regulating the expression of glutamate receptors or through post-translational modifications. Estrogen has also been shown to increase NMDAR1-mediated activation of hypothalamic neurons (Nordman et al., 2014; Sun et al., 2015) . Our study examined NMDAR1 expression in spinal DRG after nerve injury, and we obtained results consistent with these previous studies. Thus, the NMDA receptor NMDAR1 subunit occupies a key position in the development of neuropathic pain (Yao et al., 2015) , and administration of the NMDAR1 specific antagonist AP-5 could decrease estrogen-induced NMDAR1 expression upregulation to significantly improve the pain threshold in rats.
In conclusion, during chronic neuropathic pain, estrogen may increase the body's sensitivity to mechanical and thermal stimulation through increased NMDAR1 expression. 
